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SEMCONDUCTOR DEVICE 
MANUFACTURING METHOD 

TECHNICAL FIELD 

The present invention relates to a method for fabricating a 
semiconductor device with a p-type gallium nitride-based 
compound semiconductor layer. 

BACKGROUND ART 

A nitride semiconductor including nitrogen (N) as a Group 
V element is a prime candidate for a material to make a 
short-wave light-emitting device because its bandgap is Suf 
ficiently wide. Among other things, gallium nitride-based 
compound semiconductors (which will be referred to herein 
as “GaN-based semiconductors' and which are represented 
by the formula AlGa, In N (where 0sx, y, zs 1 and x+y+ 
Z=1)) have been researched and developed particularly exten 
sively. As a result, blue-ray-emitting light-emitting diodes 
(LEDs), green-ray-emitting LEDs and semiconductor laser 
diodes made of GaN-based semiconductors have already 
been used in actual products. 
A GaN-based semiconductor has a wurtzite crystal struc 

ture. FIG. 1 schematically illustrates a unit cell of GaN. In an 
AlGa, In N (where 0sx, y, zs 1 and x+y+Z=1) semiconduc 
tor crystal, some of the Ga atoms shown in FIG. 1 may be 
replaced with Al and/or In atoms. 

FIG. 2 shows four fundamental vectors a, a2, as and c, 
which are generally used to represent planes of a wurtzite 
crystal structure with four indices (i.e., hexagonal indices). 
The fundamental vector cruns in the 0001 direction, which 
is called a “c axis. A plane that intersects with the c axis at 
right angles is called either a “c plane' or a “(0001) plane'. It 
should be noted that the “c axis' and the “c plane' are some 
times referred to as “C axis' and “C plane'. In fabricating a 
semiconductor device using GaN-based semiconductors, a 
c-plane Substrate, i.e., a Substrate of which the principal Sur 
face is a (0001) plane, is used as a substrate on which GaN 
semiconductor crystals will be grown. FIG. 3(a) schemati 
cally illustrates the crystal structure of a nitride-based semi 
conductor, of which the principal Surface is a c plane, as 
viewed on a cross section that intersects with the principal 
Surface of the Substrate at right angles. In a c plane, however, 
there is a slight shift in the c-axis direction between a Ga atom 
layer and a nitrogen atom layer, thus producing electrical 
polarization there. That is why the c plane is also called a 
“polar plane'. As a result of the electrical polarization, a 
piezoelectric field is generated in the InGaN quantum well of 
the active layer in the c-axis direction. Once such a piezoelec 
tric field has been generated in the active layer, Some posi 
tional deviation occurs in the distributions of electrons and 
holes in the active layer due to the quantum confinement Stark 
effect of carriers. Consequently, the internal quantum effi 
ciency decreases, thus increasing the threshold current in a 
semiconductor laser diode and increasing the power dissipa 
tion and decreasing the luminous efficacy in an LED. Mean 
while, as the density of injected carriers increases, the piezo 
electric field is screened, thus varying the emission 
wavelength, too. 

Thus, to overcome these problems, it has been proposed 
that a substrate, of which the principal Surface is a non-polar 
plane Such as a (10-10) plane that is perpendicular to the 
10-10 direction and that is called an “m plane”, be used. As 
shown in FIG. 2, the m plane is parallel to the c axis (i.e., the 
fundamental vector c) and intersects with the c plane at right 
angles. FIG. 3(b) schematically illustrates the crystal struc 
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2 
ture of a nitride-based semiconductor, of which the principal 
Surface is an m plane, as viewed on a cross section that 
intersects with the principal surface of the substrate at right 
angles. On the m plane, Ga atoms and nitrogen atoms are on 
the same atomic plane. For that reason, no electrical polar 
ization will be produced perpendicularly to them plane. That 
is why if a semiconductor multilayer structure is formed 
perpendicularly to the m plane, no piezoelectric field will be 
generated in the active layer, thus overcoming the problems 
described above. In this case, the “m plane' is a generic term 
that collectively refers to a family of planes including (10 
10), (-1010), (1-100), (-1100), (01-10) and (0-110) planes. 

Also, as used herein, the "X-plane growth' means epitaxial 
growth that is produced perpendicularly to the X plane (where 
X=c or m) of a hexagonal wurtzite structure. As for the 
X-plane growth, the X plane will be sometimes referred to 
herein as a 'growing plane'. Furthermore, a layer of semi 
conductor crystals that have been formed as a result of the 
X-plane growth will be sometimes referred to herein as an 
“X-plane semiconductor layer. 

CITATION LIST 

Patent Literature 

Patent Document No. 1: Japanese Patent Publication No. 
318O710 

Patent Document No. 2: Japanese Patent Publication No. 
4103.309 

SUMMARY OF INVENTION 

Technical Problem 

A p-type gallium nitride-based compound semiconductor 
layer is grown by carrying out a metalorganic chemical vapor 
deposition (MOCVD) process with source gases and a p-type 
dopant Supplied into a reaction chamber. In the growing pro 
cess, ammonia (NH) gas is usually supplied as a Group V 
Source gas and magnesium (Mg) that can provide holes as 
positive carriers is normally supplied as a p-type dopant. 
During that growing process, however, hydrogen atoms that 
have desorbed from the ammonia gas may combine with 
magnesium atoms and then enter the crystal and inactivate the 
magnesium introduced. As a result, the magnesium added 
cannot work as a p-type dopant anymore. And once magne 
sium has been inactivated in this manner, the p-type gallium 
nitride-based compound semiconductor layer will come to 
have increased resistivity. 

Thus, as disclosed in Patent Document No. 1, to break the 
bond between the magnesium atoms and the hydrogenatoms 
inside the crystal and detach the hydrogen atoms from the 
crystal, annealing sometimes needs to be performed as an 
additional process after the crystal growing process is over. 
However, by adding Such an annealing process, the number of 
manufacturing process steps and the complexity and cost of 
the manufacturing process will all increase. 

In order to overcome such a problem, Patent Document No. 
2 discloses a technique for achieving a similar effect to what 
is accomplished by the annealing process by modifying the 
cooling process after the crystal growing process has ended. 
According to Such a method, there is no need to carry out the 
annealing process, thus significantly reducing the complexity 
of the device fabrication, but magnesium is activated less 
effectively as in a situation where the annealing process is 
performed. Consequently, even if Such a method is adopted, 
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the resistivity achieved cannot be lower than the one achieved 
by performing the annealing process. 
On top of that, according to those Patent Documents Nos. 

1 and 2, the p-type gallium nitride-based compound semicon 
ductor layer is Supposed to grow on a principal Surface that is 
a c plane. However, Such inactivation of magnesium is also 
observed even if the semiconductor layer is grown on an m 
plane. 

It is therefore an object of the present invention to provide 
a semiconductor device with good enough electrical charac 
teristics by taking a means for preventing a p-type dopant 
from being inactivated in a p-type gallium nitride-based com 
pound semiconductor layer, which is growing on an m plane, 
without performing any annealing process. 

Solution to Problem 

A method for fabricating a semiconductor device accord 
ing to the present invention includes the steps of: (a) growing 
a p-type gallium nitride-based compound semiconductor 
layer by performing a metalorganic chemical vapor deposi 
tion process in a heated atmosphere so that the crystal-grow 
ing plane of the semiconductor layer is an m plane; and (b) 
cooling the p-type gallium nitride-based compound semicon 
ductor layer after the step (a) has been carried out. The step (a) 
includes Supplying hydrogen gas to a reaction chamber in 
which the p-type gallium nitride-based compound semicon 
ductor layer is grown. And the step (b) includes cooling the 
p-type gallium nitride-based compound semiconductor layer 
with the Supply of the hydrogen gas to the reaction chamber 
cut off. 

In one preferred embodiment, magnesium is added as a 
p-type dopant to the p-type gallium nitride-based compound 
semiconductor layer, and the step (a) includes growing the 
p-type gallium nitride-based compound semiconductor layer 
so that the concentration of magnesium in the p-type gallium 
nitride-based compound semiconductor layer falls within the 
range of 40x10" cm to 1.8x10 cm. 

In this particular preferred embodiment, the step (a) 
includes growing the p-type gallium nitride-based compound 
semiconductor layer so that the concentration of magnesium 
in the p-type gallium nitride-based compound semiconductor 
layer falls within the range of 6.0x10" cm to 9.0x10' 
cm. 

In another preferred embodiment, the step (b) includes 
starting to cool the p-type gallium nitride-based compound 
semiconductor layer as soon as or after the Supply of the 
hydrogen gas is cut off. 

In an alternative preferred embodiment, the step (b) 
includes starting to cool the p-type gallium nitride-based 
compound semiconductor layer before the Supply of the 
hydrogen gas is cut off. 

In this particular preferred embodiment, the step (a) 
includes heating the p-type gallium nitride-based compound 
semiconductor layer to a temperature that is higher than 850° 
C. And the step (b) includes stopping Supplying the hydrogen 
gas after the p-type gallium nitride-based compound semi 
conductor layer has started to be cooled and before the tem 
perature of the p-type gallium nitride-based compound semi 
conductor layer reaches 850° C. 

In yet another preferred embodiment, the step (a) includes 
Supplying Source gases including ammonia gas to the reaction 
chamber, and the step (b) includes continuously supplying the 
ammonia gas to the reaction chamber even after the Supply of 
the hydrogen gas has been cut off. 

In a specific preferred embodiment, the step (a) includes 
Supplying not only the source gases but also nitrogen gas to 
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4 
the reaction chamber, and the step (b) includes increasing, 
after the Supply of the hydrogen gas has been cut off, the rate 
of Supplying the nitrogen gas by the rate at which the hydro 
gen gas has been Supplied before being shut off. 

Advantageous Effects of Invention 

According to the present invention, a p-type gallium 
nitride-based compound semiconductor layer is cooled with 
the Supply of hydrogen gas to a reaction chamber cut off. 
thereby making the concentration of hydrogen in the reaction 
chamber during the cooling process lower than in a conven 
tional process. As a result, the hydrogen atoms that have 
bonded to a p-type dopant while the p-type gallium nitride 
based compound semiconductor layer is being formed can 
detach themselves easily from the p-type dopant during the 
cooling process. Consequently, the p-type dopant gets acti 
vated and the p-type gallium nitride-based compound semi 
conductor layer comes to have lower resistivity. According to 
the present invention, low resistivity that is required for a 
semiconductor device is realized even without performing an 
annealing process, thus reducing the complexity of the device 
fabrication process and cutting down the manufacturing cost 
significantly. 
On top of that, since the annealing process can be omitted 

according to the present invention, Surface roughening can be 
avoided. Such surface roughening never happens in a c-plane 
growing p-type gallium nitride-based compound semicon 
ductor layer that has been, and is still, used extensively. That 
is why it is particularly beneficial to the process of forming a 
p-type gallium nitride-based compound semiconductor layer, 
of which the crystal-growing Surface is an implane, to omit the 
annealing process. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a perspective view schematically illustrating a 
unit cell of GaN. 

FIG. 2 is a perspective view showing four fundamental 
vectors a, a, as and c representing a wurtzite crystal struc 
ture. 

FIG.3(a) schematically illustrates the crystal structure of a 
nitride-based semiconductor, of which the principal Surface is 
a c-plane, as viewed on a cross section that intersects with the 
principal Surface of the Substrate at right angles. And FIG. 
3(b) schematically illustrates the crystal structure of a nitride 
based semiconductor, of which the principal Surface is an 
m-plane, as viewed on a cross section that intersects with the 
principal Surface of the Substrate at right angles. 

FIG. 4 is a graph showing the resistivity values of c-plane 
growing and m-plane-growing p-type gallium nitride-based 
compound semiconductor layers. 

FIGS. 5(a) to 5(c) are SEM photographs that were taken by 
shooting the Surface of the p-type gallium nitride-based com 
pound semiconductor layer that had been formed by m-plane 
growing. 

FIG. 6 is a flowchart showing a manufacturing process 
according to a preferred embodiment of the present invention 
and a conventional manufacturing process. 

FIG. 7 is a cross-sectional view illustrating an exemplary 
structure for a semiconductor device 100 that has been fabri 
cated by the manufacturing process of a preferred embodi 
ment of the present invention. 

FIG. 8 is a schematic cross-sectional view illustrating an 
MOCVD (metalorganic chemical vapor deposition) system 
for use in a preferred embodiment of the present invention. 
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FIG.9 is a graph showing how the wafer temperature varies 
in the manufacturing process of a preferred embodiment of 
the present invention. 

FIG. 10 is a table showing various kinds of gases to be 
Supplied into the reaction chamber in respective process steps 
for fabricating a semiconductor device according to a pre 
ferred embodiment of the present invention. 

FIG. 11(a) is a graph showing how the resistivity of a 
p-GaN layer varied according to its magnesium concentration 
and FIG.11(b) is a graph showing, on a larger scale, the range 
surrounded with the dotted rectangle in FIG.11(a). 

FIG. 12 is a graph showing how the hole density varied 
with the magnesium concentration in the m-plane- and 
c-plane-growing p-GaN layers that were formed with hydro 
gen totally eliminated in the cooling process. 

FIG. 13(a) is a graph showing the resistivities that were 
obtained in a situation where m-plane growing and c-plane 
growing p-GaN layers, which had been formed with hydro 
gen Supplied continuously in the cooling process after their 
crystals had grown, were subjected to annealing as in the 
conventional process, and FIG. 13(b) is a graph showing how 
in the samples subjected to the measurement shown in FIG. 
13(a), their hole density that was measured after they had 
been annealed varied with their magnesium concentration. 

DESCRIPTION OF EMBODIMENTS 

First of all, results of measurements and experiments that 
the present inventors carried out will be described. 

FIG. 4 is a graph showing the resistivity values of a c-plane 
growing p-type GaN layer and an m-plane-growing p-type 
GaN layer. Among these layers, the p-type GaN layer was 
grown by the same method as a conventional one but had not 
been Subjected to any annealing process. In FIG. 4, the 
abscissa represents the magnesium concentration and the 
ordinate represents the resistivity. As for the Mg, concentra 
tions of respective samples, the m-plane-growing semicon 
ductor layers had Mg concentrations of 4.3x10" cm, 7.4x 
10 cm, 1.3x10 cm, and 2.5x10" cm. On the other 
hand, the c-plane-growing semiconductor layer had an Mg 
concentration of 2.6x10" cm. As can be seen from FIG.4, 
the resistivity values (indicated by the open circles O) of the 
m-plane-growing semiconductor layers and that (indicated 
by the open triangle A) of the c-plane-growing semiconductor 
layer were both 1x107 S2cm or more and these semiconductor 
layers were almost insulators. 
The present inventors further subjected a p-type GaN layer, 

of which the Surface was an m-plane, to a similar annealing 
process to a conventional one. As a result, the present inven 
tors discovered that even Such an m-plane-growing p-type 
GaN layer also produced fine Surface roughening locally. 
FIGS. 5(a) to 5(c) are SEM photographs that were taken by 
shooting the surface of the p-type GaN layer that had been 
formed by m-plane growing. That p-type GaN layer, which 
was shot to take the photographs shown in FIGS. 5(a) to 5(c), 
had been annealed at 830°C. for 20 minutes within a nitrogen 
ambient. Specifically, FIG. 5(b) is a photograph that was 
taken by shooting some area of the photograph shown in FIG. 
5(a) at a higher Zoom power than in FIG. 5(a). And FIG. 5(c) 
is a photograph that was taken by shooting some area of the 
photograph shown in FIG. 5(b) at a higher Zoom power than 
in FIG. 5(b). As shown in FIG. 5(c), a lot of very small 
recesses or projections 200 had been made on the surface of 
the p-type GaN layer, thus roughening the Surface of the 
p-type GaN layer. When such surface roughening as shown in 
FIGS. 5(a) through 5(c) arises, the density of current injected 
becomes non-uniform and other inconveniences may be 
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6 
caused. Such surface roughening will also occur even if Ga is 
partially replaced with A1 or In. Meanwhile, the present 
inventors also observed the Surface of a c-plane-growing 
p-type GaN layer that had been subjected to the annealing 
process. As a result, no surface roughening as shown in FIGS. 
5(a) through 5(d) was observed in the c-plane-growing p-type 
GaN layer. That is to say, Such surface roughening caused by 
the annealing process is a phenomenon that is peculiar to the 
m-plane-growing p-type gallium nitride-based compound 
semiconductor layer. 

These results of measurements and considerations reveal 
that if the annealing process is adopted to reduce the resistiv 
ity of the m-plane-growing p-type gallium nitride-based com 
pound semiconductor layer, Such a problem peculiar to them 
plane will arise. Hereinafter, a specific preferred embodiment 
of a semiconductor device including such an m-plane-grow 
ing p-type gallium nitride-based compound semiconductor 
layer will be described. 
(Embodiment) 
A method for fabricating a semiconductor device accord 

ing to the present invention will now be described with ref 
erence to the accompanying drawings. FIG. 6 is a flowchart 
showing a manufacturing process according to a preferred 
embodiment of the present invention and a conventional 
manufacturing process. Specifically, in FIG. 6, the flow of the 
manufacturing process of this preferred embodiment is indi 
cated by the solid arrows, while the typical flow of the con 
ventional manufacturing process is indicated by the dashed 
aOWS. 

As shown in FIG. 6, in the semiconductor device manufac 
turing process of this preferred embodiment, the wafer is 
washed in Step S11 and then subjected to thermal cleaning in 
Step S12. Next, in Step S13, crystals of an m-plane-growing 
semiconductor layer are grown on the wafer by performing a 
metalorganic chemical vapor deposition process in a heated 
atmosphere. In this process, the actual m-planes do not have 
to be perfectly parallel to the ideal m-plane but could define a 
very Small tilt angle (of Zero degrees to t1 degree) with 
respect to the ideal m-plane. When a light-emitting element is 
formed, for example, a semiconductor multilayer structure 
including an n-type gallium nitride-based compound semi 
conductor layer, a light-emitting layer, and a p-type gallium 
nitride-based compound semiconductor layer is formed. In 
this process step S13, the crystal-growing process is carried 
out with Source gases, carrier gases and a dopant gas, if 
necessary, Supplied into a reaction chamber. Typically, a tri 
methylgallium (TMG) or triethylgallium (TEG) gas is sup 
plied as a gallium source gas and ammonia is Supplied as a 
nitrogen source gas. Nitrogen (N) and hydrogen (H) gases 
are Supplied as carrier gases. 

After the p-type gallium nitride-based compound semicon 
ductor layer has grown, the wafer is cooled in Step S14. The 
conventional cooling process step S14' is carried out with 
hydrogen Supplied continuously since the previous process 
step S13. On the other hand, the cooling process step of this 
preferred embodiment is carried out with the supply of the 
hydrogen gas to the reaction chamber cut off. Specifically, in 
this cooling process step, the supply of the TMG (or TEG) gas 
as a gallium source gas is cut offbut ammonia continues to be 
Supplied as a nitrogen source gas to prevent nitrogen from 
detaching itself from the p-type gallium nitride-based com 
pound semiconductor layer. And when this cooling process 
step is over, the wafer is unloaded from the reaction chamber 
in Step S15. Next, in Step S17, electrodes and other metallic 
parts are made. When a light-emitting element is fabricated, 
for example, p- and n-electrodes are formed on the p- and 
n-type gallium nitride-based compound semiconductor lay 
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ers, respectively. In this manner, the semiconductor device of 
this preferred embodiment is completed. 

According to this preferred embodiment, by cooling the 
wafer with the supply of hydrogen to the reaction chamber cut 
off the concentration of hydrogen in the reaction chamber 
during the cooling process step can be lower than in the 
conventional process. As a result, the hydrogen atoms that 
bonded to the p-type dopant when the p-type gallium nitride 
based compound semiconductor layer was formed will 
detach themselves easily from the p-type easily during this 
cooling process step. Consequently, the p-type dopant gets 
activated and the resistivity of the p-type gallium nitride 
based compound semiconductor layer can be lowered. 
According to the conventional process, the annealing process 
step S16 sometimes needs to be done in order to detach 
hydrogen from the p-type dopant. On the other hand, accord 
ing to this preferred embodiment, the resistivity can be 
brought down low enough to operate the semiconductor 
device properly without performing any annealing process. In 
this manner, the device can be fabricated with much less 
trouble and at a significantly reduced manufacturing cost. 

In addition, since the annealing process can be omitted 
according to this preferred embodiment, the Surface rough 
ening can be eliminated, too. Such surface roughening never 
arises in a c-plane-growing p-type gallium nitride-based 
compound semiconductor layer that has been used exten 
sively in the prior art. That is why by omitting the annealing 
process, a particularly significant effect will be achieved in 
the process step of forming a p-type gallium nitride-based 
compound semiconductor layer, of which the principal Sur 
face is an m-plane. 

In the conventional manufacturing process, it has been a 
common practice to use hydrogen as a carrier gas in order to 
form a gallium nitride-based compound semiconductor layer 
of quality. That is why even after the p-type gallium nitride 
based compound semiconductor layer has grown, the cooling 
process is usually carried out with hydrogen still Supplied 
continuously. According to this preferred embodiment, how 
ever, by stopping the Supply of hydrogen to the reaction 
chamber intentionally during the cooling process, the hydro 
gen atoms that have bonded to the p-type dopant can be 
detached easily during the cooling process. 

FIG. 7 is a cross-sectional view illustrating an exemplary 
structure for a semiconductor device 100 that has been fabri 
cated by the manufacturing process of this preferred embodi 
ment. As shown in FIG. 7, this semiconductor device 100 
includes a crystal-growing Substrate 101, a semiconductor 
multilayer structure 110 that has been formed on the crystal 
growing substrate 101 and that includes an n-GaN layer 102, 
a GaN/InGaN multi-quantum well light-emitting layer 105, 
and a p-GaN layer 106, a p-electrode 108 that has been 
formed on the semiconductor multilayer structure 110, and an 
n-electrode 107 that has been formed on a portion of the 
n-GaN layer 102. Specifically, the GaN/InGaN multi-quan 
tum well light-emitting layer 105 has a structure in which at 
least three pairs of GaN barrier layers 103 and In,GaN 
(where 0<x<1) well layers 104 have been stacked alternately 
one upon the other. 

In the semiconductor multilayer structure 110, the GaN/ 
InGaN multi-quantum well light-emitting layer 105 and the 
p-GaN layer 106 cover only a portion of the n-GaN layer 102 
and the n-electrode 107 is arranged on the rest of the n-GaN 
layer 102 that is not covered with the GaN/InGaN multi 
quantum well light-emitting layer 105 or the p-GaN layer 
106. 

Hereinafter, it will be described in detail with reference to 
FIGS. 6 to 10 exactly how to fabricate the semiconductor 
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8 
device of this preferred embodiment. FIG. 8 is a schematic 
cross-sectional view illustrating an MOCVD system for use 
in this preferred embodiment. FIG. 9 shows how the wafer 
temperature varies in the manufacturing process of this pre 
ferred embodiment. And FIG. 10 shows various kinds of 
gases to be supplied into the reaction chamber in the respec 
tive process steps. In FIG. 10, the gases to be supplied into the 
reaction chamber in each process step are checked with open 
circles (O). 

In this preferred embodiment, a wafer on which (10-10) 
m-plane gallium nitride (GaN) can be grown is used as the 
crystal-growing substrate 101. Such a wafer (or substrate) is 
most preferably a gallium nitride free-standing Substrate, of 
which the principal Surface is an m-plane, but may also be a 
silicon carbide (SiC) substrate with a 4H or 6H structure and 
with an m-plane principal Surface because the lattice constant 
of SiC is rather close to that of GaN. Alternatively, a sapphire 
Substrate that also has an m-plane principal Surface can be 
used, too. In any case, if a non-gallium nitride-based com 
pound semiconductor Substrate is used as the crystal-growing 
substrate 101, an appropriate spacer layer or buffer layer is 
preferably inserted between the crystal-growing substrate 
101 and the gallium nitride-based compound semiconductor 
layers to be formed thereon. 

First of all, as in Step S11 shown in FIG. 6, the crystal 
growing substrate 101 is washed. Specifically, in this 
example, the crystal-growing Substrate 101 is washed with a 
buffered hydrofluoric acid (BHF) solution, rinsed with water, 
and then dried sufficiently. The crystal-growing substrate 101 
that has been washed in this manner is transported to the 
reaction chamber 1 of the MOCVD system shown in FIG. 8 
while avoid exposing it to the air as successfully as possible. 
As shown in FIG. 8, a quartz tray 3 to support the crystal 

growing Substrate 2 and a carbon Susceptor 4 to mount the 
quartz tray 3 are arranged in the reaction chamber 1. Although 
not shown in FIG. 8, a thermocouple is inserted into the 
carbon Susceptor 4 to measure the actual temperature of the 
carbon susceptor 4, which is heated by a coil (not shown) by 
RF inductive heating and which functions as a heat source. 
The crystal-growing substrate 2 will be heated by the heat 
conduction that has been produced by the carbon Susceptor 4. 
As used herein, the “substrate temperature' is supposed to be 
the temperature measured by the thermocouple, and is the 
temperature of the carbon Susceptor 4 that functions as a 
direct heat Source with respect to the crystal-growing Sub 
strate 2. The temperature measured by the thermocouple 
should be roughly equal to that of the crystal-growing Sub 
strate 2. 
The reaction chamber 1 is coupled to not only a gas Sup 

plier 5, which Supplies various kinds of gases (namely, Source 
gases, carrier gases and dopant gases) into the reaction cham 
ber 1, but also an exhauster 6 (which may be a rotary pump, 
for example) for exhausting the reaction chamber 1. 

Next, as in Step S12 shown in FIG. 6, the crystal-growing 
substrate 101 is subjected to thermal cleaning. Specifically, 
while Supplying, into the reaction chamber 1, hydrogen and 
nitrogen (N) gases as carrier gases at flow rates of 4 to 10 Slm 
and 3 to 8 Slm, respectively, and ammonia gas as a Group V 
source gas at a flow rate of 4 to 10 slim as shown in FIGS.9 and 
10, the substrate is heated to 850° C., thereby do cleaning on 
the surface of the substrate. 

Subsequently, as in Step S13 shown in FIG. 6, a crystal 
growing process of the gallium nitride-based compound 
semiconductor layer is carried out as an MOCVD process in 
the reaction chamber 1. 

Specifically, first of all, with source, n-type dopant and 
carrier gases Supplied into the reaction chamber 1, the Sub 
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strate is heated to around 1,100° C., thereby growing an 
n-GaN layer 102 to a thickness of 1 to 4 um as shown in FIG. 
9. In this process step, a TMG or TEG gas is supplied as a 
Group III source gas at a flow rate of 10 to 40 sccm and an 
ammonia gas is Supplied as a Group V source gas at a flow rate 
of 4 to 10 slim as shown in FIG. 10. Also, a silane gas is 
Supplied to introduce Si as an n-type dopant at a flow rate of 
10 to 30 ScCm and hydrogen and nitrogen gases are Supplied 
as carrier gases at flow rates of 4 to 10 slim and 3 to 8 slim, 
respectively. 

Thereafter, as shown in FIG. 9, the substrate is cooled to 
less than 800° C. to form a GaN/InGaN multi-quantum well 
light-emitting layer 105. In this cooling process step, the 
supply of the silane and TMG (or TEG) gases is cut offbut the 
ammonia gas is continuously supplied at a flow rate of 15 to 
20 slim as shown in FIG. 10. Also, the hydrogen gas, which is 
one to the two carrier gases that have been Supplied, stops 
being Supplied and only the nitrogen gas, which is the other 
carrier gas, continues to be supplied at a flow rate of 15 to 20 
Slm. In this process step, once the Supply of the hydrogen gas 
has been cut off, it is not until the GaN barrier layers 103 and 
the InGaN (where 0<x<1) well layers 104 have been 
stacked that the Supply of the hydrogen gas is resumed as 
shown in FIG. 10. The supply of the hydrogen gas is cut offin 
this manner in order to feed as much. In as possible into the 
In GaN (where 0<x<1) well layers 104 being deposited. 
However, it not uncommon to stop Supplying the hydrogen 
gas in this process step but it is a common practice in the 
conventional process, too. 
When the temperature of the substrate being cooled 

becomes less than 800° C. and gets stabilized there, the TMG 
(or TEG) gas resumes being supplied as a Ga source gas at a 
flow rate of 4 to 10 sccm, thereby forming a GaN barrier 
layers 103. 

Next, a trimethylindium (TMI) gas starts being supplied 
with the temperature of the substrate maintained, thereby 
forming an InGaN (where 0<x<1) well layer 104. At this 
point in time, nitrogen, ammonia, TMG (or TEG) and TMI 
gases are supplied at flow rates of 15-20 slim, 15-20 slim, 4-10 
sccm and 300-600 sccm, respectively, into the reaction cham 
ber 1 but the supply of hydrogen gas is still discontinued. The 
In GaN (where 0<x<1) well layer 104 is typically depos 
ited to a thickness of 5 nm or more and the thickness of the 
GaN barrier layer 103 is preferably defined according to the 
thickness of the InGaN (where 0<x<1) well layer 104. For 
example, if the InGaN (where 0<x<1) well layer 104 has 
a thickness of 9 nm, then the GaN barrier layer 103 preferably 
has a thickness of 15 to 30 nm. 

In this manner, three or more pairs of GaN barrier layers 
103 and InGaN (where 0<x<1) well layers 104 are alter 
nately stacked one upon the other by performing the same 
process step a number of times. As a result, a GaN/InGaN 
multi-quantum well light-emitting layer 105 to emit radiation 
is formed by stacking the GaN barrier layers 103 and the 
In GaN (where 0<x<1) well layers 104 in three or more 
cycles. The number of cycles is defined to be at least three in 
this example because the greater the number of InGaN 
(where 0<x<1) well layers 104 stacked, the larger the volume 
that can capture carriers contributing to radiative recombina 
tion and the higher the efficiency of the device as a final 
product will be. 

According to a conventional (0001) c-plane crystal-grow 
ing process, to minimize the influence of the quantum con 
fined Stark effect, the thickness of InCaN well layers that 
form the light-emitting portion should be reduced to a certain 
level (which is typically 5 nm or less). On the other hand, if 
the principal Surface is a non-polar plane Such as an m-plane, 
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no quantum confined Stark effect will be produced at all. For 
that reason, in an m-plane crystal-growing process, the thick 
ness of the InGaN well layers 104 does not have to be 
decreased but should rather be increased to expand the vol 
ume that can capture carriers contributing to the radiative 
recombination. That is why according to this preferred 
embodiment, it is preferred that the InGaN well layers 104 
have a thickness of at least 5 nm each. However, each InGaN 
well layer 104 preferably has a thickness of at most 20 nm 
because an InGaN well layer 104 with a thickness of more 
than 20 nm would have a non-uniform In composition. 
Whenevery In, GaN (where 0<x<1) well layer 104 of the 

GaN/InGaN multi-quantum well light-emitting layer 105 is 
formed, the TMI gas stops being Supplied and the hydrogen 
gas starts to be Supplied again. Then, nitrogen and hydrogen 
gases are Supplied as carrier gases into the reaction chamber 
1 at flow rates of 3 to 8 slim and 4 to 10 slim, respectively. 
Furthermore, as shown in FIGS. 9 and 10, the growing pro 
cess temperature is raised to 1,000° C. and TMG (or TEG) 
and ammonia gases are Supplied as source gases and a Cp2Mg 
(bis-cyclopentadienyl magnesium) gas is Supplied as a source 
gas of magnesium as a p-type dopant, thereby growing a 
p-GaN layer 106. In this process step, the rates of supplying 
the CpMg and TMG (or TEG) gases and other process con 
ditions are adjusted so that the concentration of magnesium in 
the p-GaN layer 106 will fall within the range of 40x10' 
cm to 1.8x10" cm, more preferably within the range of 
6.0x10 cm to 9.0x10 cm. Those conditions may be 
adjusted by controlling the rate of Supplying the CpMg gas 
with the growing process temperature set to be around 1,000 
C. and with the rate of supplying the TMG (or TEG) gas fixed, 
for example. Specifically, the TMG (or TEG), ammonia and 
CpMg gases may be supplied at flow rates of 5-10 sccm, 4-10 
slim and 10-100 sccm, respectively. 

Optionally, the p-GaN layer 106 may be heavily doped 
with magnesium to a concentration exceeding 1.8x10" cm 
at a depth of approximately 20 nm under its surface (i.e., in the 
uppermost Surface region with a thickness of approximately 
20 nm). In that case, all of the p-GaN layer 106 but that 
uppermost Surface region may have a magnesium concentra 
tion falling within the range of 4.0x10 cm to 1.8x10" 
cm, more preferably within the range of 6.0x10" cm to 
9.0x10" cm. If the concentration of a p-type dopant is 
locally increased in Such an uppermost surface region of the 
GaN layer that contacts with a p-electrode, then the contact 
resistance can be reduced most significantly. In addition, by 
introducing the dopant in this manner, the in-plane variation 
in current-Voltage characteristic can also be reduced, and 
therefore, the variation in drive voltage from one chip to 
another can be reduced as well. 

Next, in Step S14, the substrate is cooled. Specifically, after 
the p-GaN layer 106 has been formed, the gas supplier 5 
shown in FIG. 8 is controlled so as to stop supplying the TMG 
(or TEG) and CpMg gases as Ga and Mg source gases and 
the hydrogen gas as a carrier gas (see FIG. 10). At the same 
time, the exhauster 6 shown in FIG. 8 eliminates hydrogen 
from the atmosphere in the reaction chamber 1. After the 
hydrogen gas has been removed sufficiently, the Substrate 
starts to be cooled. In this process step of cooling the Sub 
strate, in order to detach Hatoms in the p-GaN layer 106 from 
magnesium as efficiently as possible, it is important to elimi 
nate hydrogen from the atmosphere in the reaction chamber at 
least as much as possible and preferably almost completely. 
As described above, the MOCVD system shown in FIG. 8 

includes the carbon Susceptor 4 as a heat source. In order to 
keep the temperature of the substrate (i.e., the temperature to 
be measured with the thermocouple) constant while the 
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p-GaN layer 106 is being grown in Step S13, the substrate is 
heated. In Step S14, the timing to start cooling the substrate 
refers to either a point in time when the substrate stops being 
heated or a point in time when the temperature of the substrate 
is lowered by applying a smaller quantity of heat to the 
substrate than in Step S13. 

In the reaction chamber 1 shown in FIG. 8, while the 
upstream gas Supplier 5 is Supplying the various gases, the 
downstream exhauster 6 always runs its rotary pump, thereby 
exhausting the reaction chamber 1. As a result, the pressure 
inside the reaction chamber 1 can be kept constant. Once the 
gas Supplier 5 stops Supplying the hydrogen gas to the reac 
tion chamber 1, the hydrogen gas remaining in the reaction 
chamber 1 will be let out in a very short time. The substrate 
may start being cooled either when, or shortly after, the gas 
Supplier 5 stops Supplying the hydrogen gas into the reaction 
chamber 1. Alternatively, the hydrogen gas may also stop 
being supplied after the substrate has started to be cooled but 
has not had its temperature lowered to 850° C. yet. Even so, 
the concentration of hydrogen in the reaction chamber will 
still be lower than in the conventional process in that interval 
between the point in time when the hydrogen gas stopped 
being Supplied and the point in time when the Substrate tem 
perature reaches 850° C., and therefore, the effect of the 
present invention can also beachieved. Nevertheless, once the 
Supply of the hydrogen gas is "cut off, even a very Small 
amount of hydrogen should not enter the reaction chamber 1 
but it is preferred that the reaction chamber 1 is completely 
free from hydrogen. 
As shown in FIG. 10, the only gases supplied into the 

reaction chamber 1 in the cooling process step S14 are nitro 
gen and ammonia gases. It is preferred that the nitrogen gas be 
Supplied instead of the hydrogen gas shut off until the tem 
perature of the substrate is lowered to less than 900°C., to say 
the least. Once the Supply of the hydrogen gas has been cut 
off the rate of Supplying the nitrogen gas needs to be 
increased by the rate at which the hydrogen gas was Supplied 
before its Supply is cut off. For instance, if the hydrogen gas 
was supplied at a rate of 5 slim in Step S13, the flow rate of the 
nitrogen gas needs to be increased by 5 slim in Step S14 when 
the hydrogen gas is shut off. By Supplying the nitrogen gas at 
Such an increased rate in this manner, the Substrate can be 
cooled more quickly and the cooling process time can be 
shortened as well. The present inventors discovered and con 
firmed via experiments that if a gallium nitride-based com 
pound semiconductor layer, of which the principal Surface is 
an m-plane, was exposed to an elevated temperature of 950 
C. or more for a long time, the surface would be etched so 
much as to produce significant surface roughening. That is 
why the substrate is preferably cooled as quickly as possible 
in the temperature range of 900° C. to 1,000° C. at which the 
p-GaN layer 106 grows. The time it would take to lower the 
temperature of the substrate from approximately 1,000°C. to 
lower than 900° C. is typically less than two minutes. 
On the other hand, the ammonia gas is preferably supplied 

continuously until the temperature of the substrate being low 
ered reaches approximately 400°C., when the decomposition 
rate of ammonia becomes approximately equal to Zero. That 
is why by continuously supplying the ammonia gas until the 
Substrate temperature being lowered reaches approximately 
400°C., it is possible to prevent nitrogen from detaching itself 
from the p-GaN layer 106. According to this preferred 
embodiment, until the substrate temperature reaches about 
400° C., the nitrogen gas is also supplied continuously into 
the reaction chamber 1. After that, when sufficiently cooled, 
the substrate will be unloaded from the reaction chamber (in 
Step S15 shown in FIG. 6). It should be noted that the tem 
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perature at which the Supply of the ammonia gas is cut off 
does not have to be 400° C. but may also be any other tem 
perature as long as it is possible to prevent nitrogen from 
detaching itself from the p-GaN layer 106. For example, the 
Supply of the ammonia gas could also be cut off at a tempera 
ture falling within the range of 600° C. to 800° C. 

According to a typical conventional procedure, the anneal 
ing process step S16 shown in FIG. 6 needs to be performed 
to activate the p-type dopant in the p-GaN layer 106. On the 
other hand, according to this preferred embodiment, by cool 
ing the substrate in Step S14 with the supply of the hydrogen 
gas to the reaction chamber 1 cut off the concentration of 
hydrogen in the reaction chamber during the cooling process 
step can be much lower than in the conventional process. As 
a result, the hydrogenatoms that bonded to magnesium atoms 
when the p-GaN layer 106 was formed can easily detach 
themselves from the magnesium atoms in the cooling process 
step. Consequently, those magnesium atoms are activated and 
the p-GaN layer 106 comes to have lower resistivity. That is 
why the annealing process step that would have to be per 
formed in the conventional process to activate the magnesium 
atoms can be omitted according to the present invention. It 
should be noted that hydrogenatoms would also behave simi 
larly even if Gain the p-GaN layer 106 was partially replaced 
with Al or In. 
The substrate that has been unloaded from the reaction 

chamber is subjected to the electrode forming process step 
S17 shown in FIG. 6. Specifically, only particular portions of 
the p-GaN layer 106 and GaN/InGaN multi-quantum well 
light-emitting layer 105 are removed by photolithography 
and etching techniques, thereby partially exposing then-GaN 
layer 102. And an n-electrode 107 consisting of Ti and Al 
layers is formed on the exposed region of the p-GaN layer 
102. On the other hand, a p-electrode 108 is formed on a 
predetermined region of the p-GaN layer 106. The p-elec 
trode 108 may consist of Mg and Pt layers, Zn and Pt layers, 
Mg and Aglayers, Zn and Aglayers, or Ni and Aulayers, for 
example. By performing these process steps, a light-emitting 
device 100 that produces emission at any desired wavelength 
is completed. 

FIG. 11(a) is a graph showing how the resistivity of a 
p-GaN layer varied according to its magnesium concentra 
tion. In FIG. 11(a), the resistivities of m-plane-growing 
p-GaN layers that were formed by the method of this pre 
ferred embodiment are indicated by the solid circles (O). As 
the m-plane-growing semiconductor layers, samples with Mg 
concentrations of 4.3x10 cm, 7.4x10 cm, 1.3x10' 
cm and 2.5x10" cm, respectively, were used. Each of 
these m-plane-growing p-GaN layers of this preferred 
embodiment was formed by completely eliminating hydro 
gen from inside the reaction chamber after its crystals had 
grown at 1,000° C. and then cooling the substrate to a tem 
perature of 850° C. with additional nitrogen gas supplied into 
the reaction chamber instead of the hydrogen gas shut off. The 
cooling process time that was taken to cool the Substrate from 
the crystal-growing temperature of the m-plane-growing 
p-GaN layer down to 850°C. was approximately 90 seconds. 
Once the temperature being lowered reached 850° C., the 
excessive nitrogen gas that had been Supplied instead of the 
hydrogen gas shut off was also cut offbut the cooling process 
was carried out even after that. Ammonia gas continued to be 
Supplied until the temperature was decreased to less than 
approximately 400°C. The substrate that was unloaded from 
the reaction chamber was Subjected to no additional anneal 
ing process at all. 

For the purpose of comparison, in FIG.11(a), the resistivi 
ties of c-plane-growing p-GaN layers, which were also 
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formed by cooling the substrate with hydrogen completely 
eliminated from the reaction chamber as in this preferred 
embodiment, are indicated by the solid triangles (A). Each of 
those c-plane-growing p-GaN layers was formed by quite the 
same process as the m-plane-growing p-GaN layer of this 
preferred embodiment except that the c-plane-growing 
p-GaN layer had an Mg concentration of 2.6x10" cm and 
that its crystal-growing plane was a c-plane. Furthermore, in 
FIG.11(a), the resistivities of m-plane- and c-plane-growing 
p-GaN layers that were formed with hydrogen gas continu 
ously supplied as in the conventional process even after their 
crystals had grown are indicated by the open circles (O) and 
the open triangles (A), respectively. Each of those m-plane 
growing p-GaN layers was formed in quite the same way as 
the m-plane-growing p-GaN layer of this preferred embodi 
ment except that hydrogen was Supplied in the cooling pro 
cess step. On the other hand, each of those c-plane-growing 
p-GaN layers was formed in quite the same way as the 
m-plane-growing p-GaN layer of this preferred embodiment 
except that its crystal-growing plane was a c-plane and that 
hydrogen was supplied in the cooling process step. In any 
case, when hydrogen was Supplied, the resistivities of the 
m-plane- and c-plane-growing p-GaN layers as indicated by 
the open circles (O) and the open triangles (A) were both 
more than 1x107 S2cm, which is almost as high resistivity as 
an insulators. Meanwhile, it can also be seen that the 
m-plane- and c-plane-growing p-GaN layers, which were 
formed with hydrogen completely eliminated during the 
cooling process, had significantly lower resistivities than the 
conventional ones. 
The range surrounded with the dotted rectangle in FIG. 

11(a) is shown on a larger scale in FIG.11(b). As can be seen 
from FIG. 11(b), the c-plane-growing p-GaN layer, which 
was formed with hydrogen totally eliminated in the cooling 
process, had a resistivity of approximately 11 S2cm as indi 
cated by the solid triangle A. However, the present inventors 
discovered and confirmed via experiments that irrespective of 
its magnesium concentration, the c-plane-growing p-GaN 
layer always achieved a resistivity of 2.0 G.2cm or less even 
without being Subjected to any annealing process. On the 
other hand, the m-plane-growing p-GaN layer that was 
formed with hydrogen totally eliminated in the cooling pro 
cess achieved an even lower resistivity as indicated by the 
solid circles O than the c-plane-growing p-GaN layers. As for 
a light-emitting device, it is preferred that its p-GaN layer 
have a resistivity of 2.0 G.2cm or less. When measurements 
were done on the m-plane-growing p-GaN layer, the resistiv 
ity was 2.0.2cm or less at a dopant concentration of 40x10' 
cm to 1.8x10" cm. Also, if the dopant concentration fell 
within the range of 6.0x10" cm to 9.0x10" cm, the 
resistivity could be as low as about 1.5 G2cm. Thus, according 
to this preferred embodiment, resistivity that is low enough 
for a light-emitting device can be achieved even without 
performing any additional annealing process. 

Also, in the m-plane-growing p-GaN layer, from which the 
results shown in FIG. 11(b) were obtained, no fine surface 
roughening as in the photographs shown in FIGS. 5(a) to 5(c) 
was observed at all. As described above, since the annealing 
process can be omitted according to this preferred embodi 
ment, the Surface roughening never arises on the m-plane 
growing p-GaN layer. 

FIG. 12 is a graph showing how the hole density varied 
with the magnesium concentration in the m-plane- and 
c-plane-growing p-GaN layers that were formed with hydro 
gen totally eliminated in the cooling process. The respective 
samples with the m-plane-growing p-GaN layer had Mg con 
centration of 4.3x10" cm, 7.4x10 cm, 1.3x10 cm, 
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and 2.5x10" cm, respectively. And the sample with the 
c-plane-growing p-GaN layer had an Mg concentration of 
2.6x10'cm. These densities and concentrations were mea 
Sured on samples, each including a substrate, a non-doped 
GaN layer that had been deposited to a thickness of 1 um on 
the Substrate, and a (m-plane-growing or c-plane-growing) 
p-GaN layer that had been deposited on the non-doped GaN 
layer to a thickness of 0.7 to 1 Lum. In this case, the m-plane 
growing and c-plane-growing p-GaN layers were formed on 
the same conditions as those samples shown in FIGS. 11(a) 
and 11(b), which were formed with hydrogen eliminated. As 
shown in FIG. 12, the c-plane-growing p-GaN layer had as 
low a hole density as 1x10'7cm, but the m-plane-growing 
p-GaN layer having the same magnesium concentration had a 
hole density of 3x10'7 cm to 5x107 cm. These results 
reveal that the m-plane-growing p-GaN layer had a higher 
hole density and had had activated magnesium to a higher 
degree than the c-plane-growing p-GaN layer. Consequently, 
the m-plane-growing p-GaN layer would have had lower 
in-plane resistivity than the c-plane-growing p-GaN layer, 
and the results shown in FIGS.11(a) and 11(b) were obtained. 

FIG. 13(a) shows the electrical characteristics that were 
obtained in a situation where a p-GaN layer, which had been 
formed with hydrogen Supplied continuously in the cooling 
process after its crystals had grown, was subjected to anneal 
ing as in the conventional process. Specifically, the resistivi 
ties of m-plane-growing and c-plane-growing p-GaN layers 
are shown in FIG. 13(a). The samples with the m-plane 
growing semiconductor layer had Mg concentrations of 4.3x 
10 cm, 7.4x10 cm, 1.3x10 cm, and 2.5x10' 
cm, respectively. And the samples with the c-plane-grow 
ing semiconductor layer had Mg concentrations of 1.3x10' 
cm, 2.6x10" cm and 5.0x10" cm, respectively. The 
annealing process was performed on the Substrate that had 
been unloaded from the reaction chamber using an annealing 
processing system provided separately from the crystal 
grower so that the p-GaN layer was heated at 830°C. for 20 
minutes within a nitrogen gas ambient. 
As shown in FIG. 13(a), even when subjected to the anneal 

ing process, the m-plane-growing p-GaN layer still had lower 
resistivity than the c-plane-growing p-GaN layer. However, it 
was confirmed that fine Surface roughening as shown in FIGS. 
5(a) to 5(c) had been produced locally on the surface of the 
m-plane-growing p-GaN layer that was Subjected to the mea 
surement as shown in FIG. 13(a). It can be seen that since no 
Such fine Surface roughening was observed on the m-plane 
growing p-GaN layer that had not been subjected to the 
annealing process yet, that Surface roughening was produced 
by nothing but the annealing process itself. On the other hand, 
no surface roughening was observed on the c-plane-growing 
p-GaN layer that had been subjected to the annealing process. 

FIG. 13(b) shows how in the samples subjected to the 
measurement shown in FIG. 13(a), their hole density that was 
measured after they had been annealed varied with their mag 
nesium concentration. As shown in FIG. 13(b), in both of the 
c-plane-growing p-GaN layer and the m-plane-growing 
p-GaN layer, once the magnesium concentration reached a 
particular value of around 2x10 cm, the hole density 
approached a certain value of 1x10" cm and got to a satu 
ration point. On the other hand, in a situation where the 
magnesium concentration was lower than 2x10" cm (i.e., 
before the hole density got saturated), when comparing at the 
same magnesium concentration, the hole density of the 
m-plane-growing p-GaN layer was higher than that of the 
c-plane-growing p-GaN layer. These results reveal that the 
m-plane-growing p-GaN layer had been activated more effi 
ciently than the c-plane-growing p-GaN layer. For example, 
when the magnesium concentration was 1.5x10" cm, the 
c-plane-growing p-GaN layer had a hole density of approxi 
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mately 3.5x10'7 cm but the m-plane-growing p-GaN layer 
had a hole density of approximately 1.0x10" cm. Thus, it 
can be seen that H atoms can be detached from the m-plane 
growing p-GaN layer almost three times as efficiently as from 
the c-plane-growing p-GaN layer. 

Also, as shown in FIG. 13(a), when its magnesium con 
centration was approximately 1.5x10" cm, the m-plane 
growing p-GaN layer had the lowest resistivity. On the other 
hand, when its magnesium concentration was approximately 
2.5x10" cm, the c-plane-growing p-GaN layer had the low 
est resistivity. Thus, the magnesium concentration at which 
the m-plane-growing p-GaN layer had the lowest resistivity 
was almost a half as high as the one at which the c-plane 
growing p-GaN layer had the lowest resistivity. In addition, 
although the c-plane-growing p-GaN layer had a relatively 
narrow magnesium concentration range in which the resistiv 
ity was equal to or lower than a desired value of 2.0 G.2cm or 
less, the m-plane-growing p-GaN layer had a relatively broad 
magnesium concentration range in which the desired resis 
tivity of 2.0 G.2cm or less was achieved. Furthermore, when its 
magnesium concentration was approximately 40x10" cm. 
the resistivity of the m-plane-growing p-GaN layer was also 
less than 1.5 G2cm. In the c-plane-growing p-GaN layer, on the 
other hand, when its magnesium concentration was approxi 
mately 2.5x10" cm, its resistivity was also less than 1.5 
G2cm. However, when its magnesium concentration was 
approximately 1.5x10" cm, its resistivity was already 
higher than 2.0 G.2cm. And the lower the magnesium concen 
tration, the higher its resistivity got. Thus, it can be seen that 
the magnesium concentration at which the m-plane-growing 
p-GaN layer achieved the desired resistivity was much lower 
than the one at which the c-plane-growing p-GaN layer 
achieved the same resistivity. 
Now, let us compare the resistivity in a situation where 

magnesium was activated by the annealing process as shown 
in FIG. 13(a) to the resistivity in a situation where magnesium 
was activated by the method of this preferred embodiment as 
shown in FIG.11(b). Specifically, the magnesium concentra 
tion at which the lowest resistivity was achieved was approxi 
mately 1.5x10 cm in FIG. 13(a) but approximately 7.0x 
10' cm in FIG. 11(b). Thus, it can be said that if 
magnesium was activated by the method of this preferred 
embodiment, that low resistivity was achieved in a lower 
magnesium concentration range compared to a situation 
where magnesium was activated by annealing process. This 
result was obtained probably because according to the 
method of this preferred embodiment, as the magnesium 
concentration decreased, the hole density also decreased but 
Such a low hole density was compensated for by a high hole 
mobility. In fact, when the magnesium concentration 
exceeded 1.8x10" cm, the hole mobility decreased so sig 
nificantly that the resistivity was higher than 2.0 G.2cm as 
shown in FIG. 11(b). If the magnesium concentration in a 
p-GaN layer decreases, the light emitted from the light-emit 
ting layer will not be easily absorbed again and magnesium 
will not diffuse so easily from the p-GaN layer into the active 
layer, both of which are beneficial. 

Comparing FIG.11(b) to FIG. 13(a), it can be seen that the 
electrical characteristic (i.e., the resistivity in this case) of the 
m-plane-growing p-GaN layer formed by the method of this 
preferred embodiment was slightly inferior to that of the 
c-plane-growing p-GaN layer that had been Subjected to the 
conventional annealing process. However, the m-plane-grow 
ing p-GaN layer will achieve several times as high activation 
efficiency as, and has a broader magnesium concentration 
range in which the low resistivity is achieved than, the 
c-plane-growing p-GaN layer. By taking advantage of these 
two features, the m-plane-growing p-GaN layer can have 
resistivity that is low enough to make a light-emitting device. 
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Patent Document No. 2 (Japanese Patent Publication No. 

4103309) discloses a technique for activating a p-type gal 
lium nitride-based compound semiconductor layer by con 
trolling the concentration of hydrogen in a reaction chamber 
while its substrate is being cooled. According to the technique 
disclosed in Patent Document No. 2, however, the crystal 
growing plane of the p-GaN layer is Supposed to be a c-plane, 
and therefore, it is more difficult to increase the density of 
holes (which are positive carriers) sufficiently than in an 
m-plane-growing p-GaN layer. 
The present inventors discovered as a result of extensive 

researches that by stopping the Supply of hydrogen gas in the 
process step of cooling an m-plane-growing p-type gallium 
nitride-based compound semiconductor layer, the resultant 
resistivity was almost comparable to the one achieved by the 
conventional annealing process. That resistivity can be par 
ticularly low if the concentration of magnesium in the crystals 
is adjusted to fall within the range of 4.0x10" cm to 1.8x 
10' cm, more preferably within the range of 6.0x10" cm 
to 9.0x10" cm. In this manner, the annealing process can 
be omitted, and therefore, Surface roughening will never arise 
on the m-plane-growing p-type gallium nitride-based com 
pound semiconductor layer. 

In the foregoing description, preferred embodiments of the 
present invention have been described while referring to spe 
cific process conditions including the flow rates of gases to be 
Supplied and the temperatures at which gallium nitride-based 
compound semiconductor layers are Supposed to be grown. 
However, those values are only an example and the present 
invention is in no way limited to those specific preferred 
embodiments. 

Also, according to the present invention, the p-type gallium 
nitride-based compound semiconductor layer does not have 
to be ap-GaN layer but may also be made of any other p-type 
Al, In, GaN (where x+y+z=1, x20, y20 and Z20) com 
pound semiconductor. Furthermore, according to the present 
invention, the p-type dopant does not have to be Mg, but may 
also be Zn or Be, for example. 
The effect of the present invention will also be achieved 

even when a non-LED light-emitting device with a p-type 
gallium nitride-based compound semiconductor layer (i.e., a 
semiconductor laser diode) or a non-light-emitting device 
(such as a transistor or a photodetector) is fabricated. 
Industrial Applicability 

According to the present invention, an m-plane-growing 
p-type gallium nitride-based compound semiconductor layer, 
in which no quantum confined Stark effect is produced, can 
achieve low resistivity without producing any Surface rough 
ening. Thus, the present invention is applicable effectively to 
making a light-emitting device. 

REFERENCE SIGNS LIST 

1 reaction chamber 
2 crystal-growing Substrate 
3 quartz tray 
4 carbon Susceptor 
5 gas Supplier 
6 exhauster 
100 semiconductor device 
101 Substrate 
102 n-GaN layer 
103 GaN barrier layer 
104 InGaN (where 0<x<1) well layer 
105 GaN/InGaN multi-quantum well light-emitting layer 
106 p-GaN layer 
107 n-electrode 
108 p-electrode 
200 recess or projection 
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The invention claimed is: 
1. A method for fabricating a semiconductor device, the 

method comprising the steps of 
(a) growing a p-type gallium nitride-based compound 

semiconductor layer by performing a metal organic 
chemical vapor deposition process in a heated atmo 
sphere so that the crystal-growing plane of the semicon 
ductor layer is an m plane; 

(b) cooling the p-type gallium nitride-based compound 
semiconductor layer after the step (a) has been carried 
Out: 

(c) growing three or more well layers before the step (a): 
and 

(d) growing n-type semiconductor layer on a substrate 
before the step (c), 

wherein the step (d) includes heating the substrate with 
Source, n-type dopant and carrier gases Supplied into a 
reaction chamber, the carrier gas including hydrogen, 

the step (c) includes growing the well layers with the Sup 
ply of the hydrogen gas to the reaction chamber cut off. 
each well layer having a thickness of 5 nm or more, 

the step (a) includes Supplying hydrogen gas to the reaction 
chamber in which the p-type gallium nitride-based com 
pound semiconductor layer is grown, and 

the step (b) includes cooling the p-type gallium nitride 
based compound semiconductor layer with the Supply of 
the hydrogen gas to the reaction chamber cut off. 

2. The method of claim 1, wherein the step (b) includes 
starting to cool the p-type gallium nitride-based compound 
semiconductor layer as soon as or after the Supply of the 
hydrogen gas is cut off. 

3. The method of claim 1, wherein the step (b) includes 
starting to cool the p-type gallium nitride-based compound 
semiconductor layer before the Supply of the hydrogen gas is 
cut off. 

4. The method of claim 3, wherein the step (a) includes 
heating the p-type gallium nitride-based compound semicon 
ductor layer to a temperature that is higher than 850° C., and 

wherein the step (b) includes stopping Supplying the 
hydrogen gas after the p-type gallium nitride-based 
compound semiconductor layer has started to be cooled 
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and before the temperature of the p-type gallium nitride 
based compound semiconductor layer reaches 850° C. 

5. The method of claim 1, wherein the step (a) includes 
Supplying source gases including ammonia gas to the reaction 
chamber, and 

wherein the step (b) includes continuously supplying the 
ammonia gas to the reaction chamber even after the 
Supply of the hydrogen gas has been cut off. 

6. The method of claim 5, wherein the step (a) includes 
Supplying not only the source gases but also nitrogen gas to 
the reaction chamber, and 

wherein the step (b) includes increasing, after the Supply of 
the hydrogen gas has been cut off the rate of Supplying 
the nitrogen gas by the rate at which the hydrogen gas 
has been supplied before being shut off. 

7. The method of claim 1, wherein, at the step (b), an 
amount of time the temperature of the p-type gallium nitride 
based compound semiconductor layer is lowered from 1,000 
C. to 900° C. in less than two minutes. 

8. The method of claim 1, wherein the step (a) includes 
growing the p-type gallium nitride-based compound semi 
conductor layer so that the concentration of magnesium in the 
p-type gallium nitride-based compound semiconductor layer 
falls within the range of 7.4x10" cm to 9.0x10" cm. 

9. The method of claim 1, wherein magnesium is added as 
ap-type dopant to the p-type gallium nitride-based compound 
semiconductor layer, and 

wherein the step (a) includes growing the p-type gallium 
nitride-based compound semiconductor layer so that the 
concentration of magnesium in the p-type gallium 
nitride-based compound semiconductor layer falls 
within the range of 4.0x10 cm to 1.8x10" cm. 

10. The method of claim 9, wherein the step (a) includes 
growing the p-type gallium nitride-based compound semi 
conductor layer so that the concentration of magnesium in the 
p-type gallium nitride-based compound semiconductor layer 
falls within the range of 6.0x10" cm to 9.0x10" cm. 

11. The method of claim 1, wherein each well layer has a 
thickness of 20 nm or less. 


